Batch fabricated scanning near field optical microscope /atomic force
microscopy microprobe integrated with piezoresistive cantilever beam
with highly reproducible focused ion beam micromachined aperture

P. Grabiec?
Institute of Electron Technology, Warszawa, Poland

J. Radojewski
Wroclaw University of Technology, Wroclaw, Poland

M. Zaborowski and K. Domanski
Institute of Electron Technology, Warszawa, Poland

T. Schenkel
E.O. Lawrence Berkeley National Laboratory, Berkeley, California

I. W. Rangelow
University of Kassel, Kassel, Germany

(Received 30 June 2003; accepted 20 October 2003; published 24 December 2003

In scanning near field optical microscof@NOM), an optical probe with aperture diameter well
below the optical wavelength is moved over the sample. The sample-probe distance control is one
of the key problems in SNOM. Our earlier approach allowed for fabrication of the piezo-SNOM/
atomic force microscopyAFM) probe, however, reproductivity of the process and optical quality

of the device were not satisfactory. Now we report an innovative processing sequence, which offers
highly reproductive batch processing, typical for semiconductor technology and renders it possible
to produce cantilevers playing role of an AFM detector as well as a nanoaperture detector.
Moreover, illumination of the aperture is easier because of a wide input opening and its big cone
angle. The throughput is in the range of £0and higher. Apertures in hollow pyramids have been
formed by direct ion beam drilling with a focused beam of 30 keV' Gans. Direct focused ion
beam(FIB) drilling is a reproducible process for hole formation at the 30—100 nm diameter range.
Formation of smaller apertures is possible if a special FIB drilling/deposition procedure is applied.
© 2004 American Vacuum SocietyDOI: 10.1116/1.1633280

[. INTRODUCTION very end of the tip is free from the metal layer. Unfortu-
nately, the fabrication process renders very small angles of

In scanning near field optical microscof8NOM), an  the apex. It results in significant squeezing of the light pass-

optical probe with aperture diameteb) well below the op-  ing through the tapered region and the aperture itself. In Fig.

tical wavelength is moved just over the samfiigpical ap- 1 we show the throughput of the aperture size 10, 20, and

erture diameter is approximately 50 hrithe probe forms a 100 nm versus the apex angle. Values used to plot curves for

local subwavelength light source, a detector, or a scattering

center. So smallnanometri¢ a light source illuminates a

sample surface, which gives optical information on the sur- [—e— Apert 10nm
face with a nanometric resolution. The sample-probe dis- 1 —=—Apert.20nm

. . . 3 —®— Apert100nm
tance control is one of the key problems in SNOM. For this 1

purpose a strong distance-dependent signal should be applic ~ %°'1

in closed loop feedback. In early SNOM installations the 1E_4_1; /
scanning tunneling microscope mechanism was used. In the—, 1 o /
solution the sample should be specially prepared to conducg 'E-61

an electrical tunnel currentNowadays a shear-force feed- o+ - /
back mechanisfis dominant. This technique uses an optical ™ E

fiber probe, which vibrates parallel to the surface under tesm. 1E-10
in its dominant mechanical resonance. The vibration ampli- ,_ %
tude is a few nanometers. The amplitude and phase chang :

due to tip-surface distance variation is used for distance 1*E14}+—F+—F—F—+—r———T——
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regulation. The tips usually used in this method are taperec
optical fibers coated with metal film in such a way that the Apex cone angle o]

Fic. 1. Transmission coefficient of an aperture probe as a function of the full
¥Electronic mail: grabiec@ite.waw.pl taper cone angle (after Ref. 3.
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Fic. 2. Scheme of the process sequence of the microprobe fabrication.

a 10 and 20 nm aperture were calculated using the multipléorce microscopyAFM) probe, which enables precise detec-

multipole method to solve Maxwell's equations. Transmis-tion of force interactions acting on the microtip. Moreover,

sion coefficient for a 100 nm aperture diameter was approxithe angle of the apex cone is close to 50°, which renders it

mated by scaling the numerical data according to the Bethgdossible to obtain a high aperture transmission coefficient.

Bouwkamp modef.One can easily find the rapid increase of The results on the probe construction, manufacturing, and its

Pin/Pou ratio by the factor of 10 when the apex angle basic optical parameters are described later. Results of pi-

changes from 20° to 60°, practically independent from theszoresistor  bridge  measurements were published

aperture size. The second problem of shear-force distana@sewheré 8

regulation microscopic systems is limited resolution due to

lateral vibration of the tip. It has to be noted, however, that in

the case of SNOM the resolution is limited by aperture di-”' FABRICATION

ameter itself rather than by shear-force mechanism. Our earlier approactallowed for fabrication of the piezo-
We developed a combined piezoresistive SNOM/atomicSNOM/AFM probe, however, reproductivity of the process
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Fic. 3. SEM images of the piezoresis-
tor set(a), the pyramid tip(b), and the
beam end with pyramidc).
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and optical quality of the device were not satisfactory. Thereis optimized to effectively protect the probe surface against
fore, basing on our experiences and considering reporteldter etching processes.
example§™° we have developed an innovative processing In the next step, membrane areas are defined in the nitride
sequence, which offers highly reproductive batch processingiim at the backside of the wafer, and subsequently etched in
typical for semiconductor technology and silicon microme-a hot KOH solution while the front side of the wafer is pro-
chanics and renders it possible to produce cantilevers playingcted by a special chuck. The membrane thickness @fr80
role of an AFM detector as well as an optical photodetectorys measured in the thickest, i.e., mesa aieachieved by
or nanoaperture detegtor. . _ the etching—Fig. &).

A number of functional components were integrated in In the following sequence an inverse pyramid hollow is

one silicon c;hip o form t'he microprobe. The micropmbecreated. First, a thin nitride layer is LPCVD deposited. A
forms a cantilever beam with a hollow pyramid at the end. A . . ) ) .
set of force sensitive piezoresistors, placed in the base of thsecfware shape is photolithographically defined at the backside
beam, allows for detection of small deflections of the beam? the merfnllalrane(,j mbthet;_uttre t'% I(t)_cat|0n, “S&T‘Q the Sthj'8
A tip-shape platform acts as an atomic force-sensitive uniP'0c€SS: followed by fthick oxidation, resuiing n the
and a nanohole in the platform serves for the near field op-OCOS-like shape—Fig. (@). SU-8 is a commercially
tical measurements. available very thick negative photoresigp to 1 mm) allow-

The fabrication process starts from pad oxide formatioind for fabrication of vertical edges of the pattéfnNext,
followed by low-pressure chemical vapor deposition both the nitride and oxide layers are dry-etched away from
(LPCVD) nitride deposition. Then a rectangular mesa in athe square area at the backside of the membrane. Finally, an
future beam area is defined and etched—Fig). Zhe mesa inverse pyramid hollow is etched in this place where bare
level remains several micrometers elevated over the wholgilicon was previously exposed—Fig(e2
surface. Next, a sequence of oxidation, photolithography, and The photolithographic opening of contacts to piezoresis-
implantation is used to form a set of piezoresistors in thetors followed by creation metal connections in standard
base of the beam area—Figb®2 Postimplantation oxidation complementary metal—-oxide—semiconductor integrated cir-
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Fic. 4. SEM image of tip shape and
aperture obtained by the FIB method.
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cuits processing sequence completes of formation of piezore- The creation of a small aperture of several tens of nanom-
sistor set. Then, the backside of the membrane, includingters is the last step of the SNOM/AFM microprobe fabrica-
pyramid walls, is covered with a chromium layer in a mag-tion. A focused ion beanfFIB) direct ion beam drilling with
netron sputtering process—FigfR In the next step, a probe a focused beam of 30 keV galium ions is applied to produce
shape is photolithographically defined at the front side of thea hole in the hollow chromium pyramid tip—Fig(2. Di-
wafer, followed by silicon plasma etching and chromiumrect FIB drilling is a reproducible process for formation of
etching. Finally, a mask-less plasma etching of the nitridethe hole at the 30—100 nm diameter range—Fig. 4. The ion
pad oxide sandwich from the top of the mesa structure islose for sputtering of the hole is abouk20° ions. Posi-
performed, followed by a deep plasma silicon etching, resulttions of specimens in regular arrays can be dialed in auto-
ing in exposition of the metal pyramid in the former mesamatically, enabling rapid processing of the samples. FIB
area—Fig. 2g). Scanning electron microscogsEM) im-  drilling experiments indicate an aspect ratio limit of about
ages of the main microprobe regions are shown in Fig. 3. 5:1, but the hole size is not dependent of the aspect ratio for
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Fic. 5. SNOM nanoaperture probe
(see Ref. 14 from authors laboratory
(200)—(a) and a polarization ratio of
60/80 nm aperture with elliptical
shape—b).
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Fic. 6. Polarization ratio of 50 nm ap-
erture fabricated with improved
(present technology—a) and relative
throughput of 50 nm aperturets).

-

hole below a diameter of 100 nm. The available FIB systemg$or good control of circularity of the aperture. After improv-
equipped with anxy stage and image recognition allow drill- ing our technology we expected to obtain better results
ing 360 sensor Cr pyramids on the wafer for a reasonablyminimum-maximum polarization ratio difference factor less
short time with excellent reproducibilitisize deviation and than 2 involved by better circularity of the aperture opening

circularity). formed by FIB drilling. Figure €) presents a relative polar-
ization ratio for aperture fabricated using our batch technol-
IIl. MEASUREMENTS ogy. In this case we found polarization ratio values lying

between 1:77 and 1:98. Thus, a significant improvement of

Looking at the SEM images of two tips etched by thethe optical properties of our SNOM cantilevers was con-
described FIB methoffFigs. 4a) and 4b)], one can observe firmed. The improvement of both—changing of pyramid fab-
a well defined aperture on the end face of the pyramidafication.
shaped tip placed on the end of the piezoelectric cantilever. Aswe mentioned in Sec. 1, the transmission coefficient of
For final verification of our tips we performed polarization the apertures shows strong reliance on its diameter. For ex-
measurements in the far field. For this purpose we used gmple, for a cone angle 50° starting from a factor of 16or
helium—neon laser light with a beam powerfof: 5 mW and the aperture diameter of 100 nm down to a factot B’
wavelength ofs =0.6328um. The light beam was coupled for an aperture diameter of 10 nm. In our case we obtained a
to the aperture via microscopic objective of numerical apersg nm aperture throughput ratio of<L0~2 with values ly-

ture (NA)=0.5. We used a/4 plate to change linear polar- ing within 30% in respect to the polarization directifffig.
ization coming from our laser to a circular one to have agp)].

possibility to control the input light polarization via a rotat-
ing polarizer. The degree of polarization of the light, which
passed the nanoaperture, was controlled by an analyzé&v. SUMMARY

placed between the aperture and the photomultiplier. We elaborated cantilever technology, which combines a

From a theoretical point of viet¢ an ideally symmetrical : : - : :

. ) . i onventional AFM piezoresistive cantilever with a nanoaper-
apert_u ré possesses two peaks of |ntenS|_ty assome_lted with fire on the very apex of a hollow metal pyramid located on
gﬁl?rzggte'?l? f]icszjd?s. :gf%a?r; ?ﬁgir:rtgﬁ:c')g;ge iﬁglr?gsewgir-ﬁs end. It leads to better sample-tip distance control than that

o ) . ating | "~ obtained by the conventional shear-force technique. More-
polarization fields rotate following the orientation of the in-

. . . . . over, illumination of the aperture is easier because of a wide
cident light polarity. As a result, symmetrical behavior P

: . . input opening and its big cone angle. It makes it possible to
shp u'Id be observed. in far field for symmetnc;al apertures. Anuse a conventional microscopic objective with a high NA and
elliptical or rough rim of the aperture coming from metal

rains strongly changes the field distribution resultin inIOW internal stresses for coupling the light and for use in
9 gy J 9 polarization dependent experiments. The throughput is in the

; 143
asymmetry n fa_r field: __range of 10° and higher. We can use a lower illumination
In the beginning of our measurements we tested cantile:

. . . . eam energy in that case to avoid heating of the nanoaperture
vers elaborated in our laboratory in 2001, described in Refgy light beam energy. A high aperture transmission ratio sim-

ifé dA]ic:greﬁ)IESt?::saﬁ g;g;zur??i?gigf;hseEaMpﬁ:ggeeW; ?r'lsecovﬁlifies the detection of the optical signal after interaction
: ' ' : ; with the sample by a rising signal-to-noise ratio.
60/80 nm tip aperture was shown and in Figb)5— pie by gsi9
corresponding polarization ratio graph. We found out that thePresented at the 47th International Conference on Electron, lon, and Photon
minimum polarization ratio was about 1:38 and the maxi-Beam Technology and Nanofabrication, Tampa, FL, 27-30 May 2003.
mum above 1:98. In these structures the light was transmit-
ted through a channel fabricated by etching |n_S|de a steep, Pohl, W. Denk, and M. Lanz, Appl. Phys. Letd, 651 (1984,
SNOM pyramid formed by338 crystal planes with an ap- 2 petzig, P. Finn, and S. Weiner, Appl. Phys. L&, 2484 (1992.
erture created by FIB slicing. This technique did not allow ®B. Hecht, B. Sick, and U. P. Wild, J. Chem. Phy42 7761(2000.
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